The superradiant decay rate of Wannier exciton in one dimensional system is studied. The crossover behavior from 1D chain to 2D film is also examined.
Since Dicke [1] pointed out the concept of superradiance, the coherent effect for spontaneous radiation of various systems has attractted extensive interest both theoretically and experimentally [2, 3] . The coherent radiation phenomena for the atomic system was intensively investigated in the late sixties [4] [5] [6] . One of the limiting case of superradiance is the exciton-polariton state in solid state physics. When a Frenkel exciton couples to the radiation field in a small system which contains N lattice points, it represents one excited atom in some site and N − 1 unexcited atoms in the others. According to Dicke's theory, the decay rate of the system will be enhanced by the factor of N. But as it was well known in a 3-D bulk crystal, the excitons will couple with photons to form polaritons-the eigenstate of the combined system consisting of the crystal and the radiation field which does not decay radiatively. [7] What makes the excitons trapped in the bulk crystal is the conservation of crystal momentum. If one considers a linear chain or a thin film, the exciton can undergo radiative decay as a result of the broken crystal symmetry. The decay rate of the exciton is enhanced by a factor of λ/d in a linear chain [8] and (λ/d) 2 for 2D exciton-polariton [9, 10] , where λ is the wave length of emitted photon and d is the lattice constant of the linear chain or the thin film.
Lots of investigations on the radiative linewidth of the excitons have been performed. possible to fabricate the planar microcavities incorporating quantum wires [19] . This makes it interesting to study this problem more carefully. In this paper, we will investigate the radiative decay of the Wannier exciton in a quantum channel and the crossover behavior from 1D chain to 2D film. Application to real semiconductor microcavity will also be considered.
Let us first consider a linear chain with lattice spacing d. The state of the Wannier exciton can be specified as |k z , n , where k z is the exciton wave number in the chain direction and n is the quantum number for internal structure of the exciton. The Hamiltonian for the where m is the electron mass, τ i is a position vector of the electron i in the linear chain, p i is the corresponding momentum of the electron i operator, and ǫ q ′ k ′ z λ is the polarization vector of the photon.
The essential quantity involved is the matrix element of H ′ between the ground state |G and the Wannier exciton state |k z , n . We know that the interaction matrix elements of H ′ can be written as
because the Wannier exciton state can be expressed as
in which the excited state |c, l + ρ; v, l is defined as
where a † l+ρ (a v,l ) is the creation (destruction) operator of an electron in the conduction band (c) (valence band (v)) band at lattice site l + ρ(l). The expansion coefficient U * kzn (l, ρ) is the exciton wave function in the linear chain:
where the coefficient 1/ √ N ′ is for the normalization of the state |k z , n , and F n (ρ) and r c represent the one-dimensional hydrogenic wavefunction and the center of mass of the exciton, respectively.
After summing over l in eq.(4), we have
where
, w c (τ ) and w v (τ ) are, respectively, the Wannier functions for the conduction band and the valence band at site 0, and m * e and m * h are, respectively, the effective masses of the electron and hole. Hence the interaction between the exciton and the photon (in the resonance approximation) can be written in the form
Now, we assume that at time t = 0 one of the Wannier excitons is in the mode k z , n. For time t > 0, the state |ψ(t) can be written as
where |k z , n is the state with a Wannier exciton in the mode k z , n in the linear chain, |G; q ′ k z represents the state in which the electron-hole pair recombines and a photon in the mode q ′ ,k z is created, and f 0 (t) and f G;q ′ kz (t) are, respectively, the probability amplitudes of the state |k z , n and |G; q ′ k z .
By the method of Heitler and Ma in the resonance approximation, the probability amplitude f 0 (t) can be expressed as [10] f 0 (t) = exp(−iΩ kz n t − 1 2 γ kz n t),
where γ kz n = 2π
and
with ω q ′ kzn = E kzn / − c q ′2 + k 2 z . Here γ kz n and Ω kzn are, respectively, the decay rate and frequency shift of the exciton. And P means the principal value of the integral.
The Wannier exciton decay rate in the optical region be calculated straightforwardly and is given by
Here, χ * n represents the effective dipole matrix element for an electron jumping from the excited Wannier state in the conduction band back to the hole state in the valence band, and γ 0 is the decay rate of an isolated atom. We see from eq.(16) that γ kz n is proportional to 1/(k 0 d). This is just the superradiance factor coming from the coherent contributions of atoms within half a wavelength or so [8, 18, 20] . Now let us consider a quasi-1D channel with channel width L = Nd. The state of the Wannier exciton can be specified as |k, n, l , where k = (k z , k x ) is the exciton wave number with k x (k z ) normal (parallel) to the channel direction and n, l is the quantum number for internal structure of the exciton. Here, k x takes the value k x = 2πn x /Nd, with n x an integer that is limited to one Brillouin zone(n x = 1, 2, ..., N − 1) [14, 19] . The Wannier exciton state can be expressed as
and the interaction matrix elements can be written as:
in which the excited state |c, (l + ρ, I + J); v, (l, J) is defined as 
, r c is the center of mass of the exciton in the channel direction, and
is the hydrogenic wavefunction in the quantum channel. Following the derivation in above, one can evaluate the decay rate straightforwardly:
where E knl is the exciton energy in the quasi-1D channel.
For convenience, the analysis of equation (23) is addressed to the Frenkel exciton (F nl (0, 0) is equal to unity [10] ). Generalization to the case of Wannier exciton is straightforward. In the n y = 0 mode, there is an analytical solution for N = 2 and is given by
where J 0 is the Bessel function of the zeroth order. For N = 3, there is also an analytical solution:
As N → ∞, the system becomes a crystal film, and the decay rate can be written as
where k is the wave vector of the exciton in the crystal film. In Fig. 1 , the decay rate can be evaluated as
where the oscillation factor
is similar to the quantum well result [14, 21] which comes from the interference between the radiation fields. As can be seen from equation (27), the exciton modes with k 0 < q = ( 2π Lc ) 2 + k 2 z have vanishing decay rate. These exciton modes do not radiate at all and photon trapping occurs. These dark modes also occur in a 2D thin film. However, it is hard to examine them directly because of the randomness of q in a thin film. With the recent developments of fabrication technology, it is now possible to fabricate the planar microcavities incorporating quantum wires [19] . If the thickness L c is equal to the wavelength of the photon emitted by bare exciton(without external field), one can examine the dark mode directly by changing k 0 with external field.
One also notes that as the value of k 0 is equal to ( The vertical and horizontal units are γ 0 /(k 0 d) and N, respectively.
